FP04-0161-00 

AO/563087 

ifmM^u7%:!;m 30 dec 2009 

DESCRIPTION 

CRUCIBLE AND SINGLE CRYSTAL GROWTH METHOD USING 

CRUCIBLE 

Technical Field 

[0001] The present invention relates to a crucible for growth of a 
single crystal by melting and cooling optical part materials such as 
calcium fluoride, and to a single crystal production method using the 
crucible. 

Background Art 

[0002] The Vertical Bridgman (VB) method is a known method 
for producing single crystals of calcium fluoride. The VB method 
involves moving a crucible carrying a calcium fluoride material 
vertically through a crystal growth fumace which has a temperature 
gradient near the melting point of the calcium fluoride material. In 
other words, first the crucible is raised to melt the calcium fluoride 
material, and then it is gradually lowered in temperature (i.e. cooled) 
for gradual crystallization from bottom to top to grow a single crystal 
of the calcium fluoride. In some methods, the calcium fluoride 
material is melted by simple temperature control of the heater of the 
crystal growth fumace, without raising the temperature of the crucible. 
[0003] As an example of a cmcible used for the VB method there 
may be mentioned the crucible described in patent document 1. The 
cracible disclosed in patent document 1 has a constmction such that the 
calcium fluoride grows in a single crystal along the crystal plane of the 
seed (seed crystal), and it comprises a large-diameter starting material 
carrying section in which the calcium fluoride material is loaded, and a 
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small-diameter seed carrying section situated below the starting 
material carrying section, wherein the calcium fluoride seed is loaded; 
the starting material carrying section and seed carrying section are 
connected via a tapered cone surface. 
5 Disclosure of the Invention 

Problems to be Solved bv the Invention 

[0004] The present inventors found that cooling of the calcium 
fluoride melted in the aforementioned crucible tends to produce 
polycrystals or a heterophase, making it difficult to easily grow a single 

10 crystal of calcium fluoride. 

[0005] It is therefore an object of the present invention to provide 
a crucible which inhibits polycrystallization (heterophase formation) 
and aids single crystal growth, in order to facilitate growth of single 
crystals of optical part materials such as calcium fluoride, as well as a 

15 method for growing single crystals. 

[0006] As a result of much diligent research, the present inventors 
discovered that the problem described above occurs for the following 
reason. 

[0007] Specifically, when the optical part material such as 
20 calcium fluoride which has melted in the crucible crystallizes along the 
crystal plane of the seed upon cooling, fine irregularities act as nuclei 
on the inner surface of the crucible and thus tend to cause production of 
polycrystals or a heterophase. When the optical part material contracts 
upon cooling, the optical part material such as calcium fluoride adheres 
25 to the inner surface of the crucible and creates residual stress or 
warping in the crystals, tending to form the origins of crystal 
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boundaries and thus contributing to the poly crystals or heterophase. 
[0008] The present inventors therefore conducted diligent 
research with the aim of overcoming the problem described above, and 
discovered that the problem can be overcome by the following 
invention. 

[0009] Specifically, the crucible of the invention is a crucible for 
growth of a single crystal along the crystal plane of a seed by melting 
and cooling an optical part material, characterized in that the surface 
roughness of the inner surface of the crucible as measured by the 
maximum height method is no greater than Rmax 6.4s. Throughout the 
present specification, the surface roughness Rmax is the value 
according to JIS B0601-1982. 

[0010] Since the inner surface of the crucible of the invention is a 
smooth surface with a surface roughness of no greater than Rmax 6.4s, 
the optical part material which has melted in the crucible crystallizes 
along the crystal plane of the seed upon cooling, thereby inhibiting 
formation of polycrystal-producing nuclei on the inner surface of the 
crucible. In addition, since the optical part material easily separates 
firom the inner surface of the crucible as a result of contraction by 
cooling, residual stress or warping in the crystals of the optical part 
material is inhibited. As a result, it is easy to grow a single crystal of 
the optical part material. 

[0011] The surface roughness of the inner surface of the crucible 
of the invention by the maximum height method is preferably no 
greater than Rmax 3.2s, and more preferably no greater than Rmax 2.0s. 
[0012] If the inner surface of the crucible of the invention is 
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composed of glossy vitrified carbon, it will be easy to obtain a crucible 
inner surface with a surface roughness of no greater than Rmax 3.2s. 
In this case, the crucible body is preferably constructed of a carbon 
material which has high heat resistance and readily produces a smooth 
surface. 

[0013] The present inventors further discovered that the problem 
described above also occurs for the following reason. 
[0014] Specifically, when the optical part material which has 
melted in the crucible crystallizes along the crystal plane of the seed 
upon cooling, nuclei are formed by the comer of the boundary between 
the wall surface and the cone surface of the starting material carrying 
section of the crucible inner surface and by the comer of the boundary 
between the cone surface and the wall surface of the seed carrying 
section, thereby tending to cause formation of polycrystals and a 
heterophase. Also, when the optical part material contracts by cooling, 
the optical part material adheres to the comers on the inner surface of 
the crucible, creating residual stress or warping in the crystals, which 
form the origins of crystal boundaries and thus contribute to formation 
of polycrystals or a heterophase; as a result, a single crystal of the 
optical part material does not readily grow. 

[0015] The present inventors therefore conducted further diligent 
research and found that this problem can be solved by the following 
invention. 

Specifically, the crucible of the invention is a cmcible for growth of a 
single crystal along the crystal plane of a seed by melting and cooling 
an optical part material, characterized in that a tapered cone surface is 
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formed between the starting material carrying section in which the 
optical part material is loaded and the seed carrying section in which 
the seed is loaded, the wall surface of the starting material carrying 
section is smoothly connected to the cone surface via a concave curved 
5 plane, and the cone surface is smoothly connected to the wall surface of 
the seed carrying section via a convex curved plane. 
[0016] In the crucible of the invention, the wall surface of the 
starting material carrying section is smoothly connected to the cone 
surface via a concave curved plane and the cone surface is smoothly 

10 connected to the wall surface of the seed carrying section via a convex 
curved plane, such that when the optical part material which has melted 
in the crucible crystallizes along the crystal plane of the seed upon 
cooling, generation of nuclei responsible for polycrystallization on the 
crucible inner surface is inhibited. In addition, since the optical part 

15 material easily separates from the crucible inner surface as a result of 
contraction by cooling, residual stress or warping in the crystals of the 
optical part material is inhibited. As a result, it is easy to grow a single 
crystal of the optical part material. 

[0017] In the crucible of the invention, the curvature radius of the 
20 curved plane connecting the wall surface of the starting material 
carrying section of the crucible inner surface, the cone surface and the 
walls surface of the seed carrying section is preferably at least 1/10, 
more preferably at least 1/6 and most preferably at least 1/4 of the inner 
diameter between the wall surfaces of the starting material carrying 
25 section. 

[0018] The present inventors further discovered that the problem 
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described above also occurs for the following reason. 
[0019] Specifically, when the optical part material which has 
melted in the crucible crystallizes along the crystal plane of the seed 
upon cooling, if the cone angle of the cone surface is too small, residual 
stress or warping can result in the crystals, tending to form the origins 
of crystal boundaries and thus contributing to the polycrystals or 
heterophase. On the other hand, if the cone angle of the cone surface is 
too large, growth of the single crystal will be inhibited, making it 
impossible to easily achieve growth of a single crystal of the optical 
part material. 

[0020] The present inventors therefore conducted further diligent 
research and found that this problem can be solved by the following 
invention. 

[0021] Specifically, the crucible of the invention is a crucible for 
growth of a single crystal along the crystal plane of a seed by melting 
and cooling an optical part material, characterized in that the cone 
angle of the tapered cone surface formed between the starting material 
carrying section in which the optical part material is loaded and the 
seed carrying section in which the seed is loaded is set in a range 
between 95*^ and 150°. 

[0022] Since the cone angle of the cone surface in the crucible of 
the invention is set to at least 95°, residual stress or warping in the 
crystals which produces crystal boundaries is inhibited, and thus 
polycrystallization (heterophase formation) is inhibited, when the 
optical part material which has melted in the crucible crystallizes along 
the crystal plane of the seed upon cooling. Also, since the cone angle 
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of the cone surface is set to no greater than 150°, growth of a single 
crystal is aided. As a result, single crystals of the optical part material 
can be easily grown. 

[0023] In the crucible of the invention, the cone angle of the cone 
surface is preferably set in a range between 105° and 140°, and more 
preferably in a range between 120° and 130°. 

[0024] The present inventors further discovered that the problem 
described above also occurs for the following reason. 
[0025] Specifically, when the optical part material melted in the 
crucible contracts by cooling, the optical part material adheres to the 
crucible inner surface, creating residual stress or warping in the crystals 
and thus forming the origins of crystal boundaries and contributing to 
formation of polycrystals or a heterophase; as a result, a single crystal 
of the optical part material does not readily grow. 

[0026] The present inventors therefore conducted further diligent 
research toward a solution to the problem. The following conclusion 
was reached as a result of experimentation on the growth of single 
crystals of optical part materials in crucibles. Specifically, it was 
confirmed that a higher degree of wettability between the crucible inner 
siuface and water droplets permits more satisfactory single crystal 
growth. In addition, it was found that if the contact angle between the 
crucible inner surface and water droplets is 100° or smaller, the 
wettability between the crucible inner surface and the optical part 
material solution is lower, thereby allowing satisfactory growth of a 
single crystal, and the present invention was thereupon completed. 
[0027] In other words, the crucible of the invention is a crucible 
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for growth of a single crystal along the crystal plane of a seed by 
melting and cooling an optical part material, characterized in that the 
contact angle between the crucible inner surface and water droplets is 
no greater than 100''. 

[0028] Since the contact angle between the crucible inner surface 
and water droplets in the crucible of the invention is 100° or smaller 
and wettability between the crucible inner surface and the optical part 
material solution is low, the optical part material easily separates from 
the crucible inner surface when the optical part material melted in the 
crucible contracts by cooling, and therefore residual stress or warping 
in the crystals of the optical part material is inhibited. As a result, it is 
easy to grow a single crystal of the optical part material. 
[0029] In the crucible of the invention, the contact angle between 
the crucible inner surface and water droplets in the crucible of the 
invention is preferably 90"" or smaller and more preferably 85° or 
smaller. The crucible inner surface is preferably composed of vitrified 
carbon, and the sections other than the crucible inner surface are 
preferably composed of a carbon material. 

[0030] The present inventors further discovered that the problem 
described above also occurs for the following reason. 
[0031] Specifically, when a single crystal of an optical part 
material is grown using the crucible described above, the crucible 
carrying the seed in the seed carrying section and the optical part 
starting material in the starting material carrying section is set in a 
crystal growth fumace and a vacuum is created in the interior of the 
crystal growth fumace while forming a temperature gradient, to raise 
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and lower the crucible and produce melting and cooling of the starting 
material and a portion of the seed for single crystal growth. It is 
difficult to control the temperature so that only a portion of the seed 
melts during melting of the optical part starting material, and the seed 
may melt entirely in some cases. Melting of the entirety of the seed 
makes it difficult to obtain a single crystal with the desired crystal 
orientation. In other words, the yield of desired single crystals is vastly 
reduced. 

[0032] The crucible is therefore connected to a cooling rod via a 
support rod, and the crucible is cooled by the cooling rod through the 
support rod during melting of the starting material, thereby cooling the 
bottom of the seed. 

[0033] However, because the seed carrying section of the crucible 
used for the single crystal growth method described above is usually 
formed by a point ended drill, the bottom face of the seed carrying 
section is conical. On the other hand, the bottom of the seed is 
generally flat. Consequently, when the seed is loaded in the seed 
carrying section, a gap remains between the seed bottom face and the 
seed carrying section bottom face. As a result, the bottom of the seed 
is not sufficiently cooled during melting of the starting material, 
potentially resulting in melting of the entirety of the seed and 
hampering efforts to obtain a single crystal with the desired crystal 
orientation. 

[0034] The present inventors therefore conducted further diligent 
research and found that this problem can be solved by the following 
aspect of the invention. 
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[0035] Specifically, the present invention provides a crucible for 
growth of a single crystal along the crystal plane of an optical part 
material seed by melting and cooling an optical part material, 
characterized by comprising a starting material carrying section in 
5 which the optical part starting material is loaded and a seed carrying 
section in which the seed is loaded, wherein the bottom of the seed 
carrying section has a shape matching the edge of the seed. 
[0036] Since the bottom of the seed carrying section has a shape 
matching the edge of the seed in this crucible, it is possible to 

10 adequately reduce the gap formed between the surface of the seed 
carrying section bottom and the seed edge surface when the seed is 
loaded in the seed carrying section. As a result, when the optical part 
material is further loaded as the starting material in the starting material 
carrying section of the crucible and the starting material is melted while 

15 cooling the bottom of the seed through the crucible, the seed bottom is 
kept sufficiently cooled. Consequently, melting of the entirety of the 
seed can be adequately prevented. 

[0037] Specifically, in the crucible described above, the edge of 
the seed has an end face and sides connected to the end face, while the 
20 bottom of the seed carrying section has a bottom face and a wall 
surface which is connected to the bottom face and matches the sides of 
the seed, wherein both the end face and the bottom face are flat 
surfaces. 

[0038] The present invention further provides a single crystal 
25 growth method whereby a single crystal of an optical part material is 
grown using the aforementioned crucible, characterized by comprising 

10 
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a seed loading step in which a seed having an edge with a shape 
matching the bottom of the seed carrying section is loaded as a seed in 
the seed carrying section of the crucible, a starting material loading 
step in which the optical part material is loaded as the starting material 
in the starting material carrying section, and a growth step in which a 
single crystal of the optical part material is grown along the crystal 
planes of the seed by melting and cooling the starting material in the 
crucible. 

[0039] According to this single crystal growth method, the 
bottom of the seed carrying section has a shape matching the edge of 
the seed, and therefore when the seed is loaded in the seed carrying 
section of the crucible, the gap formed between the surface of the 
bottom of the seed carrying section and the edge surface of the seed can 
be adequately minimized. As a result, when the optical part material is 
further loaded as the starting material in the starting material carrying 
section of the crucible and the starting material is melted while cooling 
the bottom of the seed through the crucible, the bottom of the seed is 
kept sufficiently cooled. Consequently, melting of the entirety of the 
seed can be adequately prevented. 

[0040] The present inventors further discovered that the problem 
described above also occurs for the following reason. 
[0041] Specifically, by growing a single crystal in the crucible 
using the unmelted portion of the seed loaded in the seed carrying 
section as the seed, it is possible to achieve a uniform crystal 
orientation. If the entirety of the seed in the seed carrying section is 
melted it becomes impossible to control the orientation. However, the 
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desired result cannot be achieved even if the seed portion near the top 
area of the seed carrying section has been mehed. Experience has 
shown that subsequent single crystal growth is satisfactorily 
accomplished if the seed portion near the center area of the seed 
5 carrying section is melted. It has therefore been the conventional 
practice to control the temperature of the heater of the crystal growth 
furnace so that the seed melts up to the center area of the seed carrying 
section. 

[0042] With this single crystal growth method, however, it has 
10 been difficult to consistently melt the seed in the seed carrying section 
to the desired point because of differences in the material components, 
and depending on the degree of vacuum in the crystal growth furnace 
or the temperature of the cooling water when cooling water is used to 
control cooling of the crucible. As a result, repeated trial and error has 
15 been indispensable for melting of a seed in the seed carrying section to 
the desired point in order to obtain the desired single crystal. 
[0043] The present inventors therefore conducted further diligent 
research and found that this problem can be solved by the following 
invention. 

20 [0044] Specifically, the present invention provides a crucible for 
growth of a single crystal characterized by comprising a closed-bottom 
seed carrying section extending in the vertical direction, in which the 
seed is loaded, a starting material carrying section in which a single 
crystal of the starting material is loaded, which is situated above the 

25 seed carrying section and is connected to the seed carrying section, and 
temperature detecting means for detection of the internal temperature 
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of the seed canying section. Here, the "vertical direction" is the 
upright direction. 

[0045] The invention further provides a single crystal growth 
method for an optical part material using the aforementioned crucible, 
which method comprises a step of preparing a crucible, a step of 
loading the seed of the optical part material in the seed carrying section, 
a step of loading the starting material for the single crystal of the 
optical part material in the starting material carrying section, a step of 
situating the crucible in a crystal growth fumace heated in such a 
manner that the interior has a specified temperature gradient in the 
vertical direction, and heating the crucible so that the starting material 
loaded in the starting material carrying section and the seed loaded in 
the seed carrying material gradually melt from top to bottom, a step of 
detecting the internal temperature of the seed carrying section by the 
temperature detecting means during heating of the crucible, and a step 
of terminating the heating and commencing cooling for growth of a 
single crystal when, based on the internal temperature of the seed 
carrying section detected by the temperature detecting means, the 
boundary position between the melted portion and unmelted portion of 
the seed loaded in the seed carrying section is judged to be between a 
first position which is at a prescribed height above the bottom end of 
the seed carrying section and a second position which is at a prescribed 
height above the first position. 

[0046] Thus, since the intemal temperature of the seed carrying 
section can be detected by the temperature detecting means, it is 
possible to easily determine the boundary position between the melted 
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and unmelted sections of the seed loaded in the seed carrying section, 
based on the internal temperature detected. 

[0047] The temperature detecting means may be a thermocouple, 
and the thermocouple is preferably situated at a location liear the side 
wall of the seed carrying section. This will facilitate measurement of 
the temperature of the seed near the area in which the thermocouple is 
situated. 

[0048] Also, a plurality of thermocouples are preferably situated 
at mutually separated spacings in the vertical direction. This will allow 
the temperature gradient of the seed carrying section to be known based 
on the position of each thermocouple and the temperature measured 
from each thermocouple. 

[0049] Here, it is effective if one of the two thermocouples is 
situated at a position at a height above the bottom end of the seed 
carrying section corresponding to 25-50% of the depth of the seed 
carrying section, while the other is situated at a position at a height 
above the bottom end of the seed carrying section corresponding to 60- 
80% of the depth of the seed carrying section. Thus, if the seed melts 
within the range defined by the two thermocouple positions, 
satisfactory growth of a single crystal will occur thereafter. Such a 
state can be easily confirmed based on whether the melting point of the 
seed falls between the temperatures measured by the two 
thermocouples. 

[0050] According to the optical part material single crystal 
growth method of the invention, it is effective if the first position is a 
position at a height above the bottom end of the seed carrying section 
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corresponding to 25% of the depth of the seed carrying section, and the 
second position is a position at a height above the bottom end of the 
seed carrying section corresponding to 80% of the depth of the seed 
carrying section. If heating is terminated and cooling initiated for 
5 single crystal growth when the boundary position between the melted 
and immelted portions of the seed loaded in the seed carrying section 
falls between the first and second positions, the single crystal of the 
optical part material will grow satisfactorily along the crystal plane of 
the munelted portion of the seed. 
10 The crucible and single crystal growth method using it which are 
described above are particularly effective when the optical part material 
is calcium fluoride. 
Effect of the Invention 

[0051] If the surface roughness of the inner surface of the crucible 
15 is no greater than Rmax 6.4s, i.e. if the surface is smooth, generation of 
polycrystal-forming nuclei on the crucible inner surface is inhibited 
when the calcium fluoride melted in the crucible crystallizes along the 
crystal surface of the seed by cooling. In addition, since the calcium 
fluoride easily separates from the crucible inner surface when it 
20 contracts by cooling, residual stress and warping in the calcium 
fluoride crystals are inhibited. According to the invention, therefore, it 
is possible to easily grow single calcium fluoride crystals. 
[0052] If the wall surface of the starting material carrying section 
is smoothly connected to the cone surface via a concave curved plane 
25 and the cone surface is smoothly connected to the wall surface of the 
seed carrying section via a convex curved plane, in the crucible of the 
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invention, generation of polycrystal-forming nuclei on the crucible 
inner surface will be inhibited when the calcium fluoride melted in the 
crucible crystallizes along the crystal surface of the seed by cooling. 
Also, since the calcium fluoride easily separates from the crucible inner 
5 surface when it contracts by cooling, residual stress and warping in the 
calcium fluoride crystals are inhibited. According to the invention, 
therefore, it is possible to easily grow a single calcium fluoride crystal, 
[0053] Furthermore, if the cone angle of the cone surface in the 
crucible of the invention is set to at least 95°, residual stress or warping 

10 in the crystals which produces crystal boundaries will be inhibited, and 
thus polycrystallization (heterophase formation) will be inhibited, when 
the calcium fluoride which has melted in the crucible crystallizes along 
the crystal plane of the seed upon cooling. Also, since the cone angle 
of the cone surface is set to no greater than 150°, growth of a single 

15 crystal will be aided. According to the invention, therefore, it is 
possible to easily grow single calcium fluoride crystals. 
[0054] Moreover, if the contact angle between the crucible inner 
surface and water droplets is 100° or smaller and wettability between 
the crucible inner surface and the calcium fluoride solution is low in 

20 the crucible of the invention, the calcium fluoride will easily separate 
from the crucible inner surface when the calcium fluoride melted in the 
crucible contracts by cooling, and therefore residual stress or warping 
in the crystals of the calcium fluoride will be inhibited. According to 
the invention, therefore, it is possible to easily grow single calcium 

25 fluoride crystals. 

[0055] According to the crucible of the invention and the single 

16 



FP04-0161-00 



crystal growth method employing the crucible of the invention, 
wherein the crucible comprises a starting material carrying section in 
which an optical part material is loaded as the starting material and a 
seed carrying section in which the seed is loaded, if the bottom of the 
5 seed carrying section has a shape matching the edge of the seed, the 
seed bottom can be kept sufficiently cooled during melting of the 
starting material while cooling the seed bottom via the crucible, when 
the seed is loaded in the seed carrying section and the starting material 
is loaded in the starting material carrying section. Consequently, 
10 melting of the entirety of the seed can be adequately prevented, and a 
single crystal can be easily grown. 

[0056] In addition, if the crucible is provided with the 
aforementioned temperature detecting means, for the crucible of the 
invention and the single crystal growth method employing it, the 

15 boundary position between the melted portion and unmelted portion of 
the seed loaded in the seed carrying section can be easily determined, 
thereby allowing growth of a single crystal of the calcium fluoride to 
be accomplished more reliably. 
Brief Description of the Drawings 

20 [0057] Fig. 1 is a schematic diagram showing the general 
structure of a vacuum VB fiimace provided with a crucible according 
to an embodiment of the invention. 

Fig. 2 is a cross-sectional view showing the structure of a crucible 
according to the embodiment shown in Fig. 1 . 
25 Fig. 3 is a point graph showing the distribution of crystal orientation 
for crystals obtained where the crucible shown in Fig. 1 was lowered 
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into the vacuum VB furnace 2 at an imperceptible speed and the 
growth rate was 1 .0 mm/h. 

Fig. 4 is a point graph showing the distribution of crystal orientation 
for crystals obtained where the crucible shown in Fig. 1 was lowered 
into the vacuum VB fumace 2 at an imperceptible speed and the 
growth rate was 2.0 mm/h. 

Fig. 5 is a magnified view of the bottom of the seed carrying section 
according to a second embodiment of the crucible of the invention. 
Fig. 6 is a schematic diagram showing the general structure of a 
vacuum VB fumace provided with a crucible according to a third 
embodiment of the invention. 

Fig. 7 is a cross-sectional view showing the structure of a crucible 
according to the third embodiment shown in Fig. 6, 
Fig, 8 is a graph showing the relationship between crucible position, 
heater temperature and thermocouple temperature for a vacuum VB 
fumace provided with a crucible according to an experimental example 
of the invention. 

Fig. 9 is a table showing the experimental results of crystal state and 
yield for Experimental Examples 13-20 of the invention. 
Explanation of Symbols 
[0058] 

1 Cmcible 

1 A Cmcible body 

IB Cover member 

IC Bottom member 

ID Starting material carrying section 
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IE Seed carrying section 
IF Cone surface 

IH Wall surface of starting material carrying section 

1 J Concave curved plane 

IK Wall surface of seed carrying section 

1 L Convex curved plane 

2 Vacuum VB furnace (Crystal growth apparatus fumace) 

2A Heater 

2B Shaft 

2C Vacuum pump 

2D Heat transfer member 

M Calcium fluoride (CaF2) starting material 

S Calcium fluoride (CaF2) seed (seed crystal) 

SI Seed end face 

ICA, ICB Thermocouples (temperature detecting means) 

100 Crystal growth apparatus 

Best Mode for Carrying Out the Invention 

[0059] Embodiments of the crucible of the invention will now be 
explained with reference to the accompanying drawings. Of the 
drawings. Fig. 1 is a schematic diagram showing the general structure 
of a vacuum VB fumace provided with a crucible according to an 
embodiment, and Fig. 2 is a cross-sectional view showing the structure 
of a cracible according to the embodiment shown in Fig. 1. These 
embodiments will be explained with the assumption that the seed (seed 
crystal) is composed of calcium fluoride. 
[0060] (First embodiment) 
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As shown in Fig. 1, the crucible 1 of this embodiment is situated on the 
inner side of a heater 2A in a vacuum Vertical Bridgman (hereinafter 
abbreviated as "VB") furnace, as a single crystal growth apparatus for 
the VB method. The crucible 1 is raised and lowered at an 
imperceptible speed via a shaft 2B to melt the calcium fluoride (CaF2) 
starting material M and then cooled to grow a single crystal along the 
crystal plane of, for example, the (111) orientation of a seed (seed 
crystal) S composed of a calcium fluoride (CaF2) single crystal. 
[0061] The pressure inside the vacuum VB fiimace 2 is reduced 
to below 10"^ Pa using a vacuum pump 2C, and the heater 2 A is used 
for heating to around, for example, 1400-1 500°C. In order to prevent 
melting of the seed S by heating with the heater 2 A, the shaft 2B of the 
vacuum VB fiimace 2 comprises a cooling water circulation channel. 
[0062] That is, the shaft 2B is composed of a double conduit 
wherein the upper end of the inner conduit 2B1 is retired from the 
upper end of the outer conduit 2B2, with a cap-like heat transfer 
member 2D fitted at the upper end. Also, the heat transfer member 2D 
is connected to the center of the bottom member IC of the crucible 1 
described hereunder, for a construction wherein the lower part of the 
seed S is forcefiiUy cooled. 

[0063] As shown in Fig. 2, the crucible 1 comprises a crucible 
body lA, a cap member IB which covers the opening of the crucible 
body lA, and a bottom member IC anchored to the lower part of the 
crucible body IB. The crucible body 1 A is heat resistant, and is made 
of a high-purity carbon material (C), as a material which increases the 
smoothness of the inner wall, while the inner wall is coated with glass- 
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like carbon (GC) which is glossy and capable of lowering the 
wettability with the calcium fluoride (CaFa) solution. 
[0064] A large-diameter starting material carrying section ID, in 
which the calcium fluoride (CaF2) starting material M (Fig. 1) is loaded, 
5 is formed in the crucible body lA. The starting material carrying 
section ID comprises a cylindrical wall surface IH, a concave curved 
plane 1 J formed in connection with the bottom member IC end of the 
wall surface IH, and a tapered (funnel-shaped) cone surface IF formed 
in connection with the bottom member IC end of the concave curved 

10 plane IJ. Thus, the cone surface IF forms the bottom of the starting 
material carrying section ID. A small seed carrying section IE in 
which the cylindrical seed S (see Fig. 1) is loaded is formed as a 
straight circular hole at the center section from the crucible body lA, 
through the bottom member IC. The tapered (funnel-shaped) cone 

15 surface IF forming the bottom of the starting material carrying section 
ID is formed between the starting material carrying section ID and the 
seed carrying section IE. 

[0065] The cap member IB and bottom member IC are also 
formed of a heat-resistant high purity carbon material. A connecting 
20 cylindrical section ICl is formed in a protruding meinner at the center 
of the lower side of the bottom member IC, for fitting of the heat 
transfer member 2D (shown in Fig. 1) which is anchored to the top end 
of the shaft 2B of the vacuum VB fumace 2. 

[0066] A concave curved plane 1 J is formed at the border section 
25 between the wall surface IH and cone surface IF of the starting 
material carrying section ID, and the wall surface IH and cone surface 
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IF of the starting material carrying section ID are in a smooth 
connection via the concave curved plane IJ. Also, a convex curved 
plane IL is formed at the border section between the cone surface IF 
and the wall surface IK of the seed carrying section IE, and the cone 
surface IF and the wall surface IK of the seed carrying section IE are 
in a smooth connection via the convex curved plane IL. 
[0067] The wall surface IH of the starting material carrying 
section ID is formed straight, and the inner diameter within the wall 
surface IH may be set to, for example, 250 mm. The inner diameter of 
the seed carrying section IE may be set to, for example, 20 mm. 
[0068] If the cone angle 9 of the cone surface IF is too small, 
residual stress and warping will occur within the calcium fluoride 
(CaF2) crystals grown in the starting material carrying section ID, 
tending to result in polycrystallization or heterophase formation. On 
the other hand, if the cone angle 0 of the cone surface IF is too large, 
growth of the calcium fluoride (CaF2) single crystals will tend to be 
inhibited. Therefore, the cone angle 0 of the cone surface IF is 
preferably set to within 95-150°, and most preferably 120-130°. 
[0069] If the concave ciu^ed plane IJ and convex curved plane 
IL have small curvature radii approaching angular forms, the angular 
concave curved plane 1 J and convex curved plane IL sections will tend 
to act as nuclei to produce polycrystals and a heterophase when the 
calcium fluoride (CaF2) melted in the starting material carrying section 
ID crystallizes by cooling. In addition, when the calcium fluoride 
(CaF2) contracts upon cooling, the calcium fluoride (CaF2) will adhere 
to the angular concave curved plane IJ and convex curved plane IL to 
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generate residual stress and warping inside the crystals, tending to 
produce polycrystals and a heterophase. 

[0070] The curvature radii of the concave curved plane IJ and 
convex curved plane IL are therefore set to be large curvature radii of 
at least 1/10 of the inner diameter within the wall surface IH of the 
starting material carrying section ID (for example, 250 mm). For 
example, the curvature radius of the concave curved plane IJ may be 
set to about 60 mm, and the curvature radius of the convex curved 
plane IL may be set to about 50 mm. 

[0071] Also, if surface roughness of the wall surface IH or cone 
surface IF of the starting material carrying section ID is high, the 
minute irregularities in the wall surface IH or cone surface IF will tend 
to form polycrystals and a heterophase when the calcium fluoride 
(CaF2) melted in the starting material carrying section ID crystallizes 
upon cooling. In addition, shrinkage of the calcium fluoride (CaF2) 
upon cooling will result in adhesion of the calcium fluoride (CaF2) to 
the wall surface IH or cone surface IF to produce residual stress or 
warping inside the crystal, tending to produce polycrystals or a 
heterophase. 

[0072] The inner wall of the crucible 1 extending from the wall 
surface IH of the starting material carrying section ID of the crucible 
body lA, through the concave curved plane 1 J, cone surface IF and 
convex curved plane IL, through to the wall surface IK of the seed 
carrying section IE, is finished to a surface roughness of no greater 
than Rmax 6.4s, such as no greater than 3.2s, according to the 
maximum height method. That is, the inner surface of the crucible 
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body 1 A composed of the high purity carbon material (C) is finished to, 
for example, about Rmax 6.4s, and the surface thereof is coated with 
glass-like carbon (GC) and finished to about Rmax 3.2s. 
[0073] If the wettability between the crucible inner surface, such 
5 as the wall surface IH or cone surface IF of the starting material 
carrying section ID, and the calcium fluoride (CaF2) solution is high, 
shrinkage of the calcium fluoride (CaF2) melted in the starting material 
carrying section ID upon cooling will result in adhesion of the calcium 
fluoride (CaF2) to the wall surface IH or cone surface IF to produce 
10 residual stress or warping inside the crystals, tending to produce 
poly crystals or a heterophase, 

[0074] Thus, since the crucible inner surface composed of glass- 
like carbon (GC) having a surface roughness of no greater than Rmax 
3.2s, i.e. the crucible inner wall extending from the wall surface IH of 

15 the starting material carrying section ID of the crucible body lA, 
through the concave curved plane IJ, cone surface IF and convex 
curved plane IL, through to the wall surface IK of the seed carrying 
section IE, has low wettability with the calcium fluoride (CaF2) 
solution, the water droplet contact angle is no greater than 100°, and for 

20 example, 90°. 

[0075] In order to melt the calcium fluoride (CaF2) starting 
material M shown in Fig. 1 in the crucible 1 having this construction, 
the inner surface of the heater 2 A heated to about 1400-1 500°C is 
raised at an imperceptible speed of about 10 mm/h by the shaft 2B in 

25 the vacuum VB furnace 2 (see Fig. 1) at a reduced pressure of no 
greater than 10"^ Pa, and is held at that raised position for about 10 
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hours. During that period, the lower part of the seed S is forcefully 
cooled through the heat transfer member 2D by cooling water 
circulating in the shaft 2B from the inner conduit 2B1 to the outer 
conduit 2B2, thereby preventing melting of the sections other than the 
5 top of the seed S. 

[0076] In order to cool the melted calcium fluoride (CaF2) 
starting material M to grow a single crystal along the crystal plane of, 
for example, the (111) orientation of the seed (seed crystal) S, the 
cmcible 1 is lowered by the shaft 2B at an imperceptible speed of no 

10 greater than 1 .5 mm/h, such as about 1 .0 mm/h for example, and is held 
at the lowered position in the vacuum VB fumace 2 for about 5 hours. 
[0077] Then, the solidified calcium fluoride (CaF2) in the crucible 
1 is cooled at a cooling rate of no greater than 70*^C/h, such as about 
30°C/h for example, by ON/OFF control of the heater 2A of the 

15 vacuum VB fumace 2, in order to prevent quenching (cracking due to 
thermal shock). 

[0078] In the crucible 1, the crucible inner wall extending from 
the wall surface IH of the starting material carrying section ID of the 
cmcible body lA, through the concave curved plane IJ, cone surface 

20 IF and convex curved plane IL, through to the wall surface IK of the 
seed carrying section IE, is finished to a smooth surface of, for 
example, about Rmax 3.2s. This inhibits generation of polycrystal- 
forming nuclei in the cmcible when the melted calcium fluoride (CaF2) 
in the starting material carrying section ID cools and crystallizes along 

25 the crystal plane of the (111) orientation of the seed S. 

[0079] Since the calcium fluoride (CaF2) easily separates from the 
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crucible inner surface upon contraction by cooling, generation of 
residual stress or warping inside the calcium fluoride (CaF2) crystals is 
inhibited. Growth of the calcium fluoride {C3F2) crystals is thus 
facilitated. 

[0080] In the crucible 1, the wall surface IH of the starting 
material carrying section ID of the crucible body lA is smoothly 
connected to the cone surface IF via the concave curved plane IJ 
having a large curvature radius of about 60 mm, while the cone surface 
IF is smoothly connected to the wall surface IK of the seed carrying 
section IE via the convex curved plane IL having a large curvature 
radius of about 50 mm. In other words, the crucible inner surface 
which extends from the wall surface IH of the starting material 
carrying section ID, through the concave curved plane IJ, cone surface 
IF and convex curved plane XL, through to the wall surface IK of the 
seed carrying section IE, is smoothly continuous without any 
angularity. 

[0081] Thus, generation of polycrystal-forming nuclei on the 
cmcible inner surface is inhibited when the calcium fluoride (CaF2) 
melted in the starting material carrying section ID crystallizes along 
the crystal plane of the (111) orientation of the seed S upon cooling. 
Also, since the calcium fluoride (CaF2) easily separates from the 
crucible inner surface upon contraction by cooling, generation of 
residual stress or warping inside the calcium fluoride (CaFa) crystals is 
inhibited. Growth of the calcium fluoride (CaF2) crystals thus occurs 
in a reliable manner. 

[0082] The cone angle 0 of the cone surface IF of the crucible 
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body 1 A of the crucible 1 is set to at least 120"^ within the range of 95- 
150°, so that it is not too small or too large. This will inhibit residual 
stress or warping inside the crystals, and thus crystal boundary 
formation, when the calcium fluoride (CaF2) melted in the starting 
5 material carrying section ID crystallizes along the crystal plane of the 
(111) orientation of the seed S upon cooling, thus inhibiting 
poly crystallization (heterophase formation). The cone angle 0 is also 
set to no greater than 130°. This will aid growth of a single crystal 
when the calcium fluoride (CaF2) crystallizes along the crystal plane of 

10 the (111) orientation of the seed S upon cooling. Growth of the 
calcium fluoride single crystal can thereby be reliably achieved. 
[0083] The inner wall of the crucible body 1 coated with glass- 
like carbon (GC), i.e., the crucible inner wall extending from the wall 
surface IH of the starting material carrying section ID of the crucible 

15 body lA, through the concave curved plane IJ, cone surface IF and 
convex curved plane IL, through to the wall surface IK of the seed 
carrying section IE in the crucible 1, is finished to a water droplet 
contact angle of, for example, 90° to minimally reduce the wettability 
between the crucible inner surface and the calcium fluoride (CaF2) 

20 solution. 

[0084] Consequently, the calcium fluoride (CaF2) melted in the 
crucible easily separates from the crucible inner surface upon 
contraction of the calcium fluoride (CaF2) by cooling. As a result, 
generation of residual stress or warping inside the calcium fluoride 
25 (CaF2) crystal is inhibited, so that growth of the calcium fluoride 
(CaF2) single crystal is facilitated. 
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[0085] The inner surface of the crucible body 1 is also finished to 
a smooth surface of about Rmax 3.2s. Consequently, generation of 
polycrystal-forming nuclei on the crucible inner surface is inhibited 
when the calcium fluoride (CaF2) melted in the starting material 
carrying section ID crystallizes along the crystal surface of the (111) 
orientation of the seed S by cooling. As a result, growth of the calcium 
fluoride (CaF2) single crystal is facilitated. 

[0086] In addition, since the calcium fluoride (CaF2) solidified in 
the crucible 1 is cooled at a cooling rate of no greater than 70°C/h, such 
as about 30°C/h, for example, quenching (cracking due to thermal 
shock) is prevented and a satisfactory single crystal is grown. 
[0087] Furthermore, since the imperceptible speed at which the 
crucible 1 is lowered for cooling of the melted calcium fluoride (CaF2) 
to grow a single crystal, i.e. the growth rate, is no greater than 1.5 
nrni/h, such as about 1 .0 mm/h, for example, the crystal orientation of 
the grown single crystal is stable, as shown in Fig. 3. When the growth 
rate is 2 mm/h, which is above 1.5 mm/h, the crystal orientation clearly 
becomes dispersed and unstable as shown in Fig. 4. 
[0088] (Second embodiment) 

A second embodiment of the crucible of the invention will now be 
explained. According to this embodiment, the crucible is suited for 
using a seed having a cylindrical shape and a flat edge. Fig. 5 is a 
magnified view of the bottom of the seed carrying section. 
The crucible 1 of this embodiment has a construction similar to the first 
embodiment, except that the seed carrying section IE has a shape 
matching the seed S. More specifically, the seed carrying section IE 
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has a construction wherein the bottom of the seed carrying section IE 
is shaped to match the edge of the seed S. 

[0089] The bottom of the seed carrying section IE has such a 
shape matching the edge of the seed S in order to adequately minimize 
gaps between the side forming the bottom of the seed carrying section 
IE and the edge surfaces of the seed S, when the seed S is loaded in the 
seed carrying section IE. 

[0090] More specifically, as shown in Fig. 5, the edge surface of 
the seed S has a flat end face SI and a cylindrical side S2 vertical to the 
end face SI and continuous with the end face SI, while the side 
forming the bottom of the seed carrying section IE has a flat bottom 
face IN and a cylindrical wall surface IK vertical to the bottom face 
IN and continuous with the bottom face IN. The diameter within the 
wall surface IK roughly matches the diameter of the seed S. The wall 
surface IK of the seed carrying section is smaller than that of the wall 
surface IH of the starting material carrying section ID. 
[0091] A method of growing a calcium fluoride single crystal as 
an optical part material using the crucible 1 described above will now 
be explained. 

[0092] First, the crucible 1 is prepared, the cover member IB is 
removed, and the calcium fluoride seed S is loaded into the seed 
carrying section IE of the crucible 1 (seed loading step). The seed S 
has a cylindrical shape with a flat edge, and the diameter roughly 
matches the diameter of the wall surface IK of the seed carrying 
section IE. When the seed S is loaded into the seed carrying section 
IE, at least the bottom of the seed carrying section IE must conform to 
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the edge of the seed S. Thus, it is possible to adequately reduce gaps 
between the side S2 of the seed S and the wall surface IK of the seed 
carrying section IE, and between the end face SI of the seed S and the 
bottom face IN of the seed carrying section IE. 

[0093] After the seed S has been loaded into the seed carrying 
section IE, the calcium fluoride starting material M is loaded into the 
starting material carrying section ID (starting material loading step). 
[0094] The starting material carrying section ID of the crucible 
body 1 A is then closed with the cover member IB. 
[0095] Next, the pressure inside the vacuum VB furnace 2 is 
reduced to below 10^ Pa, and the heater 2 A is heated to about 1400- 
1500°C. Also, the crucible 1 is raised at an imperceptible speed of 
about 10 mm/h by the shaft 2B and is held at the raised position for 
about 10 hours. During that period, since it is difficult to obtain a 
single crystal with the desired crystal orientation if the entire seed S is 
melted, the lower part of the seed S is forcefully cooled through the 
heat transfer member 2D by cooling water circulating in the shaft 2B 
from the inner conduit 2B1 to the outer conduit 2B2. If gaps form 
between the side S2 of the seed S and the wall surface IK of the seed 
carrying section IE, and between the end face SI of the seed S and the 
bottom face IN of the seed carrying section IE during this time, the 
lower heat conductivity of the gaps compared to the carbon of the 
bottom member IC will prevent adequately cooling of the bottom of 
the seed carrying section IE; however, as mentioned above, gaps 
between the side S2 of the seed S and the wall surface IK of the seed 
carrying section IE, and between the end face SI of the seed S and the 
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bottom face IN of the seed carrying section IE, are adequately 
minimized in the crucible 1. Consequently, the bottom section of the 
seed S is sufficiently cooled so that melting of the entirety of the seed S 
can be satisfactorily prevented. 

[0096] After the calcium fluoride starting material M has melted, 
the crucible 1 is lowered by the shaft 2B at an imperceptible speed of 
no greater than 1.5 mm/h, such as about 1.0 mm/h for example, and is 
held at the lowered position in the vacuum VB furnace 2 for about 5 
hours. Thus, the melted calcium fluoride (CaFa) starting material M is 
cooled to grow a single crystal along the crystal plane of the (111) 
orientation, for example, of the seed S (growth step). 
[0097] Next, the solidified calciimi fluoride (CaF2) in the crucible 
1 is cooled at a cooling rate of no greater than 70°C/h, such as about 
SO'^C/h for example, by ON/OFF control of the heater 2A of the 
vacuum VB fumace 2, in order to prevent quenching (cracking due to 
thermal shock). 

[0098] In the crucible 1, the crucible inner wall extending fi-om 
the wall surface IH of the starting material carrying section ID of the 
crucible body lA, through the concave curved plane IJ, cone surface 
IF and convex curved plane IL, through to the wall surface IK of the 
seed carrying section IE, is finished to a smooth surface of, for 
example, about Rmax 3.2s. This inhibits generation of polycrystal- 
forming nuclei on the crucible inner surface when the melted calcium 
fluoride (CaFa) in the starting material carrying section ID cools and 
crystallizes along the crystal plane of the (111) orientation of the seed S. 
[0099] Since the calcium fluoride (CaF2) easily separates fi-om the 
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crucible inner surface upon contraction by cooling, generation of 
residual stress or warping inside the calcium fluoride (CaF2) crystals is 
inhibited. As a result, growth of the calcium fluoride (CaF2) crystals is 
facilitated. 

5 [0100] In addition, since the calcium fluoride (CaF2) solidified in 
the crucible 1 is cooled at a cooling rate of no greater than 70°C/h, such 
as about 30°C/h, for example, quenching (cracking due to thermal 
shock) is prevented and a satisfactory single crystal is grown. 
[0101] Furthermore, since the crucible 1 is lowered at an 

10 imperceptible speed for cooling of the melted calcium fluoride (CaF2) 
to grow a single crystal, i.e. the growth rate is no greater than 1.5 mm/h, 
such as about 1.0 mm/h, for example, the crystal orientation of the 
grown single crystal is stable, as shown in Fig. 4. When the growth 
rate is 2 mm/h, which is above 1.5 mm/h, the crystal orientation clearly 

15 becomes dispersed and unstable, as shown in Fig. 5. 

[0102] According to this embodiment, the wall surface IK of the 
seed carrying section IE of the cmcible 1 is cylindrical, but the shape 
of the wall surface IK may be prismatic if a prismatic seed is to be 
loaded. 

20 [0103] Moreover, the bottom face of the seed carrying section IE 
is flat in this case, but the bottom face of the seed carrying section is 
not limited to being a flat surface. If the end face SI of the seed S is 
conical, the bottom face IN of the seed carrying section IE may be 
conical. That is, the bottom face IN of the seed carrying section IE 

25 may have any shape which can satisfactorily reduce gaps between the 
end face SI of the seed S and the bottom face IN of the seed carrying 
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section IE when the seed S is loaded into the seed carrying section IE. 
[0 1 04] (Third embodiment) 

A third embodiment of the crucible of the invention will now be 
explained. As the drawings for reference. Fig. 6 is a schematic diagram 
5 showing the general structiire of a crystal growth apparatus provided 
with a crucible according to this embodiment, and Fig. 7 is a cross- 
sectional view showing the structure of a crucible according to the 
embodiment shown in Fig. 6. 

[0105] As shown in Fig. 6, the cmcible 1 of this embodiment is 
10 situated on the inner side of a primary heater 2AA and a secondary 
heater 2AB in a vacuum VB furnace 2, as a single crystal growth 
apparatus 100 for the VB method. The cmcible 1 is raised at an 
imperceptible speed via a shaft 2B to melt the calcium fluoride starting 
material M and then lowered at an imperceptible speed via the shaft 2B 
15 to cool the starting material M, in order to grow a single crystal along 
the crystal plane of, for example, the (111) orientation of the seed S 
composed of a calcium fluoride single crystal. 

[0106] The pressure inside the vacuum VB fiimace 2 is reduced 
to below 10"^ Pa using a vacuum pump 2C, and the upper portion of the 

20 vacuum VB fiimace 2 is heated to, for example, about 1600°C by the 
primary heater 2AA. The bottom portion of the vacuum VB fiimace 2 
is heated by the secondary heater 2AB. Cooling water channels 2D, 2E 
are formed through a water jacket IG described hereunder, in the shaft 
2B of the vacuum VB fiimace 2. 

25 [0107] As shown in Fig. 7, the crucible 1 of this embodiment has 
a construction provided with a crucible body lA and a cover member 
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IB covering the opening of the crucible body lA, The crucible body 
lA is heat resistant, and is made of a material, such as a high-purity 
carbon material, which increases the smoothness of the inner wall and 
lowers the wettability of the calcium fluoride starting material M. The 
5 cover member IB is also made of a heat resistant high-purity carbon 
material. 

[0108] A large-diameter starting material carrying section ID is 
also formed in the crucible body 1 A, for loading of the calcium fluoride 
starting material M (see Fig. 6). A smaller seed carrying section IE in 

10 which, for example, a cylindrical seed S (see Fig. 6) is loaded is formed 
as a straight circular hole from the center section of the crucible body 
lA, up to the area near the bottom. A cone surface IF forming the 
bottom of the starting material carrying section ID is formed between 
the starting material carrying section ID and the seed carrying section 

15 IE. The border surface between the starting material carrying section 
ID and the seed carrying section IE is the upper edge of the seed S 
inserted into the seed carrying section IE, and it is determined by the 
length of the seed S. 

[0109] In order to forcefully cool the lower part of the seed S 
20 loaded in the seed carrying section IE (see Fig. 6) to prevent its 
melting, a water jacket IG is formed around the bottom of the seed 
carrying section IE, at the bottom section of the crucible body 1 A. The 
water jacket IG forms a cooling water circulation channel in 
connection with the cooling water channels 2D, 2E in the shaft; 2B (see 
25 Fig. 6). 

[0110] A concave curved plane IJ is formed at the border section 
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between the wall surface IH and cone surface IF of the starting 
material carrying section ID, and the wall surface IH and cone surface 
IF of the starting material carrying section ID are in a smooth 
connection via the concave curved plane IJ. Also, a convex curved 
plane IL is formed at the border section between the cone surface IF 
and the wall surface IK of the seed carrying section IE, and the cone 
surface IF and the wall surface IK of the seed carrying section IE are 
in a smooth connection via the convex curved plane IL. 
[0111] The wall surface IH of the starting material carrying 
section ID is formed straight, and the inner diameter within the wall 
surface IH may be set to, for example, 250 mm. The inner diameter of 
the seed carrying section IE may be set to, for example, 20 mm. 
[0112] In the crucible 1 of this embodiment, a thermocouple ICA 
and thermocouple ICB are situated near the side wall of the seed 
carrying section IE, mutually separated in the vertical direction, as 
temperature detecting means for measurement of the internal 
temperature of the seed carrying section. The vertical direction may be 
considered to be the direction in which the seed carrying section IE 
extends. In this case, the high purity carbon material used as the 
material for the crucible body 1 A can be easily worked because it has a 
porous structure, and thermocouple insertion holes can be suitably 
formed to circumvent the effect of the temperature in the crucible. The 
high purity carbon material also does not react with metals normally 
used for thermocouples, and therefore the thermocouples can be 
satisfactorily situated inside the crucible 1 . 

[0113] Here, thermocouples employing a platinum-rhodium alloy 
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are preferably used as the thermocouples ICA, ICB. Such 
thermocouples are optimal for precision measurement at high 
temperature, and therefore allow measurement of the internal 
temperature of the seed carrying section IE. As an example of a 
thermocouple employing platinum-rhodium there may be mentioned 
JIS-Type B (+ wire: platinum-rhodium alloy containing 30% rhodium, 
- wire: platinum-rhodium alloy containing 6% rhodium). 
[0114] The two thermocouples allow a temperature gradient to be 
derived for the seed carrying section IE based on the positions PI, P2 
at which the thermocouple ICA and thermocouple ICB are situated 
and on the temperatures measured from the thermocouple ICA and 
thermocouple ICB, and by calculating the position representing the 
melting point of the seed S it is possible to easily determine the 
boundary position between the melted portion and the unmelted portion 
of the seed S in the seed carrying section IE. 

[0115] The thermocouple ICA is preferably situated at a position 
(first position) PI at a height above position PO, which is the height of 
the bottom face IN of the seed carrying section IE, corresponding to 
25-50% of the depth of the seed carrying section IE, while the 
thermocouple ICB is preferably situated at a position (second position) 
P2 at a height above position PO, which is the height of the bottom face 
IN of the seed carrying section IE, corresponding to 60-80% of the 
depth of the seed carrying section IE. When the seed has melted up to 
the range defined by the two points of the seed carrying section IE 
whose temperatures have been measured by the thermocouple ICA and 
thermocouple ICB, subsequent single crystal growth will proceed in a 
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satisfactory manner. Such a state may be easily judged by whether the 
melting point of the seed S falls between the temperatures measured by 
the thermocouple ICA and thermocouple ICB, without deriving the 
temperature gradient of the seed carrying section IE. 
[0116] A method of growing a calcium fluoride single crystal 
using the crucible 1 described above will now be explained. 
[0117] First, the crucible 1 is prepared, the cover member IB is 
removed, and the calcium fluoride seed S is loaded into the seed 
carrying section IE of the crucible 1. Next, the calcium fluoride 
starting material M is loaded into the starting material carrying section 
ID, and the starting material carrying section ID of the crucible body 
1 A is closed with the cover member IB. The crucible 1 is in a lowered 
state by the shaft 2B at this time. 

[0118] The pressure inside the vacuum VB furnace 2 is reduced 
to below 10^ Pa, and the primary heater 2AA is heated to about 
1600°C. Also, the crucible 1 is raised by the shaft 2B at an 
imperceptible speed of about 10 mm/h and held at the raised position 
for about 10 hours. 

[0119] At this time, the intemal temperature of the seed carrying 
section IE is measured by the thermocouple ICA and thermocouple 
ICB, and moving of the crucible 1 is terminated when the boundary 
position between the melted portion and the unmelted portion of the 
seed S is judged to be within the zone of the prescribed heights fi-om 
the bottom face IN of the seed carrying section IE, based on the 
intemal temperatures. The zone of the prescribed heights is preferably 
the range defined between the first position PI at a height above the 
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bottom face IN of the seed carrying section IE corresponding to 25% 
of the depth of the seed carrying section IE and the second position P2 
at a height above the bottom face IN of the seed carrying section IE 
corresponding to 80% of the depth of the seed carrying section IE. 
More preferably, the first position PI is at a height above the bottom 
face IN of the seed carrying section IE corresponding to 40% of the 
depth of the seed carrying section IE while the second position P2 is at 
a height above the bottom face IN of the seed carrying section IE 
corresponding to 70% of the depth of the seed carrying section IE, and 
even more preferably, the first position PI is at a height above the 
bottom face IN of the seed carrying section IE corresponding to 50% 
of the depth of the seed carrying section IE while the second position 
P2 is at a height above the bottom face IN of the seed carrying section 
IE corresponding to 60% of the depth of the seed carrying section IE. 
This will produce a condition for satisfactory growth of a calcium 
fluoride single crystal along the crystal plane of the unmelted portion of 
the seed. 

[0120] After moving of the crucible 1 has been terminated, the 
crucible 1 is lowered by the shaft 2B at an imperceptible speed of about 
1 .0 mm/h, and held at the lowered position in the vacuum VB fiimace 2 
for about 5 hours. This allows cooling of the melted calcium fluoride 
starting material M to grow a single crystal along the crystal plane of, 
for example, the (111) orientation of the seed S, in order to obtain the 
desired calcium fluoride single crystal. 

[0121] This completes the explanation of the preferred 
embodiments of the invention, but it is needless to mention that the 
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invention is not limited to these three embodiments. 
[0122] Also, although the crucible 1 of the first embodiment 
satisfies all of the conditions (i) to (vi) listed below, a calcium fluoride 
single crystal can be easily grown so long as the crucible 1 satisfies any 
one of the following conditions (i) to (vi). 

(i) The crucible inner surface has a surface roughness of no greater than 
Rmax 6.4s according to the maximum height method; 

(ii) A tapered cone surface is formed between the starting material 
carrying section in which the calcium fluoride starting material is 
loaded and the seed carrying section in which the seed is loaded, and 
the wall surface of the starting material carrying section is smoothly 
connected to the cone surface via a concave curved plane while the 
cone surface is smoothly connected to the wall surface of the seed 
carrying section via a convex curved plane; 

(iv) the cone angle of the tapered cone surface formed between the 
starting material carrying section in which the calcium fluoride starting 
material is loaded and the seed carrying section in which the seed is 
loaded is set in a range between 95° and 150°; 

(v) the water droplet contact angle with the crucible inner surface is no 
greater than 100°; 

(vi) the crucible comprises a starting material carrying section in which 
the calcium fluoride starting material is loaded and a seed carrying 
section in which the seed is loaded, and the bottom of the seed carrying 
section has a shape matching the edge of the seed. 

[0123] For example, raising the crucible 1 by the shaft 2B at an 
imperceptible speed in the third embodiment described above results in 
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melting of the calcium fluoride starting material M, but the same effect 
of the third embodiment may also be achieved by controlling the 
primary heater 2AA to heat the crucible 1 while the crucible 1 is 
already raised with the shaft 2B. 
5 [0124] Also, a thermocouple may be situated at a position near 
the side wall of the starting material carrying section ID of the third 
embodiment for measurement of the internal temperature of the starting 
material carrying section ID, thereby facilitating temperature 
regulation of the primary heater 2AA and secondary heater 2AB. In 
10 addition, a thermometer may be situated in the water jacket IG to 
facilitate temperature regulation of the cooling water, in order to 
maintain a more constant temperature for cooling of the lower portion 
of the seed S. 

[0125] Also if the border surface between the starting material 
15 carrying section ID and seed carrying section IE is below the convex 
curved plane IL in the third embodiment, calculation of the 
temperature gradient of the seed carrying section IE can be 
accomplished even if thermocouples are situated at a position near the 
surface defined between the convex curved plane IL and the wall 
20 surface IK of the seed carrying section IE and at a position near the 
wall surface IK of the seed carrying section IE, 

[0126] In addition, although two thermocouples were situated in 
the crucible 1 of the third embodiment, a single thermocouple may be 
situated at a position near the side wall of the seed carrying section IE 
25 in the zone defined between a first position at a height above the 
bottom end of the seed carrying section IE corresponding to 25% of 
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the depth of the seed carrying section IE and a second position at a 
height above the bottom end of the seed carrying section IE 
corresponding to 80% of the depth of the seed carrying section IE. In 
this case, once the temperature of the thermocouple reaches the melting 
point of the seed S, the boundary position between the melted portion 
and unmelted portion of the seed S in the seed carrying section IE will 
have reached the position of the thermometer of the thermocouple, and 
therefore terminating moving of the crucible 1 at this point will allow 
satisfactory growth of the calcium fluoride single crystal along the 
crystal plane of the unmelted portion of the seed. The preferred 
positions and particularly preferred positions for the first position and 
second position in this case are the same as for the third embodiment 
described above. 

[0127] In the first to third embodiments described above the seed 
was composed of calcium fluoride, but the crucible of the invention 
and the single crystal growth method employing it may also be applied 
for optical part materials wherein the seed is a material other than 
calcium fluoride (for example, barium fluoride or magnesium fluoride). 
Experimental Examples 

[0128] Experimental examples will now be described. 
[0129] (Experimental Examples 1-5) 

For Experimental Examples 1-5, crucibles 1 having different iimer 
surface roughnesses of the crucible body lA and different glass-like 
carbon (GC) coating thicknesses were used for growth of calcium 
fluoride (CaF2) single crystals with a vacuum VB furnace 2, and the 
incidence of polycrystal formation in the obtained crystals was 
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measured and evaluated. 

[0130] The surface roughness was measured according to the 
maximum height method, by three-dimensional shape measurement 
using an OLSllOO scanning confocal laser microscope by Shimadzu 
Laboratories. The incidence of polycrystals was observed using two 
Polar films by Edmund Industrial Optics (color: gray, area: 15 in. x 8.5 
in., thickness: 0.29 mm). Specifically, the two films were placed 
together with their film sides facing parallel and sandwiching the 
crystal, and the crystal was observed fi'om one side while irradiating a 
light source from the opposite side of the film. The crystal angle and 
position were changed and the non-single crystal portion was measured 
as polycrystalline. The final polycrystalline portion volume was 
calculated, and the ratio of the total crystal volume and the 
polycrystalline portion volume was determined as the incidence of 
polycrystal formation. Crystals with an incidence of polycrystal 
formation of less than 30% were evaluated as @, and those above 70% 
were evaluated as o. 

[0131] The evaluation results are shown in Table 1, which clearly 
shows that if the crucible inner surface is coated with glass-like carbon 
(GC) and has a surface roughness of about Rmax 3.2s, as in 
Experimental Example 1 and Experimental Example 2, the incidence of 
polycrystal formation is 30% or lower and a calcium fluoride (CaF2) 
single crystal is easily grown. It also clearly shows that even if no 
glass-like carbon (GC) coating is present and the surface roughness of 
the crucible inner surface is about Rmax 6.4s, as in Experimental 
Example 3, the incidence of polycrystal formation is still 30% or lower 
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and a calcium fluoride (CaF2) single crystal is easily grown. 
[0132] However, in the case of a rough surface where the surface 
roughness of the crucible inner surface is below Rmax 25 s, as in 
Experimental Examples 4 and 5, regardless of whether or not a glass- 
5 like carbon (GC) coating is present, the incidence of polycrystal 
formation is 70% or greater. This demonstrated that the crucibles of 
Experimental Examples 1-3 allowed easier growth of calcium fluoride 
(CaF2) single crystals compared to the crucibles of Experimental 
Examples 4-5. 
10 Table 1 





Crucible inner 


GC coating 


Evaluation 




surface 


thickness 






roughness 






Exp. Example 1 


Rmax 3.2s 


2.0 nrni 


@ 


Exp. Example 2 


Rmax 3.2s 


1.0 mm 


@ 


Exp. Example 3 


Rmax 6.4s ■ 


0 mm 


@ 


Exp. Example 4 


Rmax 25s 


1.0 mm 


o 


Exp. Example 5 


Rmax 50s 


0 mm 


o 



. [0133] (Experimental Examples 6-10) 



For Experimental Examples 6-10, crucibles 1 having different contact 
angles between the inner surface of the crucible body lA and water 
droplets, and different glass-like carbon (GC) coating thicknesses were 

15 used for growth of calcium fluoride (CaFa) single crystals with a 
vacuum VB furnace 2, and the incidence of polycrystal formation in 
the obtained crystals was measured and evaluated. 
[0134] The contact angle was measured by the maximum height 
method, by three-dimensional shape measurement using an OLSllOO 

20 scanning confocal laser microscope by Shimadzu Laboratories. The 
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incidence of polycrystals was observed using two Polar films by 
Edmund Industrial Optics (color: gray, area: 15 in. x 8.5 in., thickness: 
0.29 mm). Specifically, the two films were placed together with their 
film sides facing parallel and sandwiching the crystal, and the crystal 
5 was observed from one side while irradiating a light source fi-om the 
opposite side of the film. The crystal angle and position were changed 
and the non-single crystal portion was measured as a poly crystalline. 
The final polycrystalline portion volume was calculated, and the ratio 
of the total crystal volume and the polycrystalline portion volume was 
10 determined as the incidence of poly crystal formation. Crystals with an 
incidence of polycrystal formation of less than 30% were evaluated as 
@, and those above 70% were evaluated as o. 

[0135] The evaluation results are shown in Table 2, which clearly 
shows that if the crucible inner surface is coated with glass-like carbon 
15 (GC) to a thickness of at least 1.5 mm and the contact angle between 
the surface and water droplets is no greater than 100°, as in 
Experimental Examples 6-8, the incidence of polycrystal formation is 
30% or lower. 

[0136] However, in cases where the glass-like carbon (GC) 
20 coating thickness was less than 1 mm and the contact angle between 
the surface and water droplets exceeded 100°, as in Experimental 
Examples 9 and 10, the incidence of polycrystal formation was 70% or 
greater. This demonstrated that the crucibles of Experimental 
Examples 6-8 allowed easier growth of calcium fluoride (CaF2) single 
25 crystals compared to the crucibles of Experimental Examples 9 and 10. 
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Table 2 





Contact angle 
between 
crucible inner 
surtace and 
water droplets 


GC coating 
thickness 


Evaluation 


Exp. Example 6 


85° 


2.0 nun 


© 


Exp. Example 7 


90° 


1.5 mm 




Exp. Example 8 


100° 


1.5 mm 


© 


Exp. Example 9 


107° 


1.0 nmi 


o 


Exp. Example 
10 


127° 


0 mm 


o 



[0137] (Experimental Example 11) 



The crucible 1 shown in Fig. 1 was prepared first. The crucible body 
lA, cover member IB and bottom member IC were all constructed of 
5 high-purity carbon (high-purity carbon by Nippon Carbon Co., Ltd.). 
The wall surface IK of the seed carrying section IE was cylindrical, 
and the inner diameter was 20 mm. The bottom face of the seed 
carrying section IE was flat and vertical with respect to the wall 
surface IK. The wall surface of the starting material carrying section 

10 was also cylindrical, with an inner diameter of 250 mm. The curvature 
radius of the concave curved plane IJ was 60 mm, and the curvature 
radius of the convex curved plane was 50 mm. The inner surface of the 
starting material carrying section ID and the inner surface of the seed 
carrying section were coated with glass-like carbon (Glass-like carbon 

15 coat by Nisshinbo Industries, Inc.) to an impregnating layer thickness 
of 1 .0 nmi, and the water droplet contact angle was 90°. 
[0138] The cover member IB of this crucible 1 was removed, and 
a cylindrical seed S with a diameter of 10 mm and a length of 10 cm 
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was loaded into the seed carrying section IE of the crucible 1. The 
material of the seed S used was calcium fluoride, and the seed S had a 
shape with flat edges. 

[0139] The calcium fluoride starting material M was then loaded 
into the starting material carrying section ID. Next, the starting 
material carrying section ID of the crucible body 1 A was closed with 
the cover member IB. 

[0140] The pressure inside the vacuum VB furnace 2 was then 
reduced to below 10"^ Pa, the heater 2 A was heated to about 1400- 
1500°C, and the crucible 1 was raised at an imperceptible speed of 
about 10 mm/h by the shaft 2B and held at the raised position for about 
10 hours. During that period, the lower part of the seed S was 
forcefully cooled through the heat transfer member 2D by cooling 
water circulating in the shaft 2B from the inner conduit 2B1 to the 
outer conduit 2B2. 

[0141] After the calcium fluoride starting material M melted, the 
crucible 1 was lowered by the shaft 2B at an imperceptible speed of 
about 1.0 mm/h and was held at the lowered position in the vacuum VB 
furnace 2 for about 5 hours. The melted calcium fluoride (CaF2) 
starting material M was thus cooled to grow a single crystal along the 
crystal plane of the (111) orientation of the seed S. 
[0142] Next, the solidified calcium fluoride (CaF2) in the crucible 
1 was cooled at a cooling rate of about 30°C/h by ON/OFF control of 
the heater 2 A of the vacuum VB fumace 2. 
[0143] (Experimental Example 12) 

A crucible was prepared in the same manner as Experimental Example 
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1, except that the bottom face of the seed carrying section IE was 
conical, and this crucible was used to grow a single crystal of calcium 
fluoride in the same manner as Experimental Example 1 1 . 
[0144] (Evaluation of crystal quality) 

The single crystals of calcium fluoride obtained in Experimental 
Examples 11 and 12 were set between two Polar films by Edmund 
Industrial Optics (color: gray, area: 15 in. x 8.5 in., thickness: 0.29 
mm) with the two film faces placed together facing parallel, the crystal 
was observed fi-om the outside of one film while irradiating a light 
source fi-om the outside of the other film, and the crystal angle and 
position were changed for measurement of the non-single crystal 
portion as polycrystalline. The final polycrystalline portion volume 
was calculated, and the ratio of the total crystal volume and the 
polycrystalline portion volume was determined as the incidence of 
polycrystal formation. As a result, the incidence of poly crystal 
formation was below 30% in the single crystal of Experimental 
Example 11, while the incidence of polycrystal formation was above 
30% in the single crystal of Experimental Example 12. This indicated 
that the single crystal of Experimental Example 1 1 was of superior 
crystalline quality compared to the single crystal of Experimental 
Example 12. Thus, it was confirmed that a single crystal of satisfactory 
crystalline quality can be obtained by eliminating gaps between the 
bottom face of the seed and the bottom face of the seed carrying section. 
[0145] (Experimental Example 13) 

A crucible made of high-purity carbon was prepared with (pi 75 mm 
outer diameter x 325 mm height (cplO mm inner diameter x 100 mm 
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height of the seed carrying section), and thermocouples (JIS-Type B) 
with (p3.5 mm diameter x 80 mm length were mounted at three 
locations, 50 mm above the bottom end of the seed carrying section, 95 
mm above the bottom end of the seed carrying section and near the 
starting material carrying section. 

[0146] Fig. 8 shows the relationship between the crucible position 
and thermocouple temperature, when the pressure inside the vacuum 
VB fumace 2 was reduced to below 10"^ Pa while the crucible interior 
was empty, and with the crucible heated by the primary and secondary 
heaters. The crucible position 12 was initially at the position shown in 
Fig. 6, and the crucible was lowered with time. The primary heater 
temperature 10 was kept at 1500*^0, and the secondary heater 
temperature 1 1 was increased to about 950°C and then regulated. The 
temperatures at the three locations of the crucible, specifically the 
temperature 13 of the thermocouple 50 mm above the bottom end of 
the seed carrying section, the temperature 14 of the thermocouple 95 
mm above the bottom end of the seed carrying section and the 
temperature 1 5 of the thermocouple near the starting material carrying 
section, clearly are in correlation with the primary heater temperature 
10, secondary heater temperature 11 and crucible position 12. 
[0147] A high-purity calcium fluoride single crystal (cplO mm 
diameter x 100 mm length, crystal orientation (111) in lengthwise 
direction, product of Hitachi Chemical Co., Ltd.) was loaded as the 
seed into the seed carrying section of the crucible, and high-purity 
calcium fluoride powder (product of Stella Chemifa Corp.) was loaded 
as the calcium fluoride starting material into the starting material 
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carrying section. In addition, high-purity zinc fluoride powder (product 
of Stella Chemifa Corp.) was included as an additive with the calcium 
fluoride starting material. The crucible position was in the lowermost 
state. 

[0148] Next, the pressure inside the vacuum VB furnace was 
reduced to below 10"^ Pa, the primary heater was heated to about 
ISOO^'C, and the crucible position was raised at a speed of 10 mm/h and 
held at the raised position for about 10 hours. During this time, the 
temperature at each position was measured by the thermocouples, and 
the primary heater moving was terminated when the boundary position 
between the melted portion and unmelted portion of the seed loaded in 
the seed carrying section reached a position 50 mm above the bottom 
end of the seed carrying section, at which time the crucible position 
was lowered at a speed of no greater than 0.7 mm/h and held at the 
lowered position inside the vacuum VB fumace for 5 hours. The inside 
of the vacuum VB furnace was then cooled at a rate of 50-100°C/h. 
When the crucible interior temperature fell below 50°C, nitrogen was 
introduced into the vacuum VB fumace to atmospheric pressure, and 
the crystal in the crucible was removed. 
[0149] (Experimental Examples 14-18) 

A calcium fluoride crystal was obtained for Experimental Example 14 
in the same manner as Experimental Example 13, except that the 
boundary position between the melted portion and unmelted portion of 
the seed loaded in the seed carrying section, upon termination of 
heating by the primary heater and secondary heater, was at a position 
80 mm above the bottom end of the seed carrying section. A calcium 
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fluoride crystal was also obtained for Experimental Example 15 in the 
same manner as Experimental Example 13, except that the boundary 
position between the melted portion and unmelted portion of the seed 
loaded in the seed carrying section, upon termination of moving, by the 
primary heater and secondary heater, was at a position 70 mm above 
the bottom end of the seed carrying section. A calcium fluoride crystal 
was also obtained for Experimental Example 16 in the same manner as 
Experimental Example 13, except that the boundary position between 
the melted portion and unmelted portion of the seed loaded in the seed 
carrying section, upon termination of moving by the primary heater and 
secondary heater, was at a position 60 mm above the bottom end of the 
seed carrying section. A calcium fluoride crystal was also obtained for 
Experimental Example 17 in the same manner as Experimental 
Example 13, except that the boundary position between the melted 
portion and unmelted portion of the seed loaded in the seed carrying 
section, upon termination of moving by the primary heater and 
secondary heater, was at a position 40 mm above the bottom end of the 
seed carrying section. A calcium fluoride crystal was also obtained for 
Experimental Example 18 in the same manner as Experimental 
Example 13, except that the boundary position between the melted 
portion and unmelted portion of the seed loaded in the seed carrying 
section, upon termination of moving by the primary heater and 
secondary heater, was at a position 25 mm above the bottom end of the 
seed carrying section. 

[0150] (Experimental Examples 19 and 20) 

A calcium fluoride crystal was obtained for Experimental Example 19 
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in the same manner as Experimental Example 13, except that the 
boundary position between the melted portion and unmelted portion of 
the seed loaded in the seed carrying section, upon termination of 
moving by the primary heater and secondary heater, was at a position 
85 mm above the bottom end of the seed carrying section. A calcium 
fluoride crystal was also obtained for Experimental Example 20 in the 
same manner as Experimental Example 13, except that the boundary 
position between the melted portion and unmelted portion of the seed 
loaded in the seed carrying section, upon termination of moving by the 
primary heater and secondary heater, was at a position 20 mm above 
the bottom end of the seed carrying section. 

[0151] Each of the calcium fluoride crystals of Experimental 
Examples 13-20 was sandwiched between two polarizing films rotated 
at 90° from each other, and upon visual observation of light 
transmission with irradiation by an illuminator, the grain boundary was 
observed between the area with no light transmission and the area with 
light transmission. If no grain boundary is observed, then the crystal is 
judged to be completely single crystal. After ftirther working into a 
disc shape ((pi 50 mm x 100 mm thickness) using a cutter and polishing 
with a mirror polisher, single crystallinity or polycrystallinity was 
reconfirmed in the same manner. The crystal orientation was 
confirmed by the X-ray/Laue method. The judgment was determined 
to be poor if the obtained crystal was polycrystalline, or if the volume 
of the single crystal portion, i.e. the portion having the same crystal 
orientation (111) as the seed, was less than 50 vol%, and the number of 
poorly formed crystals out of the number of tests (10) was evaluated. 
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The conditions and results for Experimental Examples 13-20 are shown 
together in Fig. 9. 

As is clear from Fig. 9, the most satisfactory calcium fluoride single 
crystal yields were obtained in Experimental Example 13 and 
5 Experimental Example 16, the second most satisfactory calcium 
fluoride single crystal yields were obtained in Experimental Example 
15 and Experimental Example 17, and the third most satisfactory 
calcium fluoride single crystal yields were obtained in Experimental 
Example 14 and Experimental Example 18, In Experimental Examples 
10 19 and 20, the crystal form of the calcium fluoride was poly crystalline, 
and single crystals could not be obtained. 
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